Introduction
============

Plasminogen activator inhibitor-1 (PAI-1), encoded by the *SERPINE1* gene, is the principal inhibitor of tissue plasminogen activator and urokinase, and hence is an inhibitor of fibrinolysis.^([@B1])^ This serine protease is produced by the vascular endothelium, the liver, the monocytes/macrophagues, the platelets and the adipose tissue.^([@B2])^ High plasma levels of PAI-1 have been associated with an increased risk of suffering cardiovascular diseases.^([@B3])^ Furthermore, PAI-1 dependent mechanisms are also implicated in the pathogenesis of obesity, insulin resistance and type 2 diabetes.^([@B4])^ The metabolic syndrome (MetS) encompasses a cluster of comorbidities linked to obesity, which increase cardiovascular risk,^([@B5])^ where *SERPINE1* overexpression may participate.^([@B6])^ In fact, increased PAI-1 levels can be considered as a component of the syndrome.^([@B6])^

Since obesity onset and related alterations development involve multiple factors including inflammatory mediators,^([@B7])^ the understanding of this disease remains as a complex challenge for the scientific community. In the last years epigenetic has emerged as a new framework of research studying gene expression changes not due to variations in the DNA nucleotide sequence but to other mechanisms.^([@B8])^ On the other hand, dietary treatments based on calorie restriction are the first-choice implement for treating obesity^([@B9])^ and, in turn, epigenetic has been proposed as an influential factor on the variable responses to a low-calorie strategy.^([@B10],[@B11])^

Thus, taking into account this scenario the present study aimed to assess the potential relationships of the cytosine methylation levels of *SERPINE1* gene transcriptional regulatory region in peripheral white blood cells (WBC) with anthropometrical, metabolic and inflammatory features in a subset of the Metabolic Syndrome Reduction in Navarra (RESMENA) project population after following an energy-restricted dietary program.

Material and Methods
====================

Subjects and study protocol
---------------------------

The current analysis was conducted within the RESMENA project, a randomized controlled trial,^([@B12])^ from which a subsample of 48 obese adults presenting MetS was selected. Two subjects did not overcome quality controls and therefore the sample size for the outcomes presented is this work was *n* = 46. Participants underwent two energy-restricted dietary patterns (Control diet or RESMENA diet) for 8 weeks, as described elsewhere.^([@B13])^ The study was approved by the Ethics Committee of the University of Navarra (065/2009) and appropriately registered at www.clinicaltrials.gov; NCT01087086. Consequently, all the participants gave written informed consent for participation in agreement with the Declaration of Helsinki. This work was performed following the CONSORT 2010 guidelines.

Dietary intake assessment, anthropometry and blood pressure
-----------------------------------------------------------

Assessment and information about dietary intake (total energy intake), anthropometrical measurements (body weight, height, waist circumference and triceps skinfold thickness) were conducted according to previously described procedures.^([@B13])^ Body mass index (BMI) was calculated by the ratio between weight (kg) and the squared height (m^2^) and body composition analyses by bioimpedance and Dual-energy X-ray Absorptiometry (DXA) were carried out following validated protocols as described elsewhere.^([@B12])^ Systolic and diastolic blood pressures were measured following standardized World Health Organization criteria.^([@B14])^

Biological samples and metabolic and inflammatory markers
---------------------------------------------------------

Venous blood samples were drawn after a 12-h overnight fast by venipuncture. The EDTA-plasma and serum samples as well as WBC were separated from whole blood by centrifugation at 3,500 rpm, 5°C, 15 min (Model 5804R, Eppendorf, Germany), and were frozen immediately at −80°C until assay (WBC in buffy-coat). Plasma concentrations of triglycerides, total cholesterol and high density lipoprotein--cholesterol (Wako Chemicals, GmbH, Nuiss, Germany) and glucose (Horiba ABX Diagnostics, Montpellier, France) were measured by specific colorimetric assays, using an automated analyzer system Pentra C-200 (HORIBA ABX, Madrid, Spain). Serum fasting insulin was measured by an enzyme immunoassay kit (Mercodia, Sweden). Insulin resistance was estimated by the HOMA-IR, through calculations as follows: HOMA-IR = \[fasting glucose (mM) × fasting insulin (mU/l)\]/22.5 as described elsewhere.^([@B15])^ Plasma concentrations of PAI-1 (BioVendor, Germany), interleukin 6 (R&D Systems, Minneapolis, MN), tumor necrosis factor alpha (TNF-α) (R&D Systems) and high-sensitive C-reactive protein (Demeditec, Germany) were measured using enzyme immunoassay based kits by means of an automated analyzer system (Triturus, Grifols, Barcelona, Spain). In our laboratory, the inter- and intra-assay were \<10% for all analytical determinations.

DNA isolation and DNA Methylation Study
---------------------------------------

Genomic DNA from WBC was extracted using the Master Pure kit (Epicenter, Madison, WI), whose quality was assessed with PicoGreen dsDNA Quantitation Reagent (Invitrogen, Carlsbad, CA). A total of 500 ng of DNA was modified by using EZ-96 DNA Methylation Kit (Zymo Research Corporation, Irvine, CA) according to the manufacturer's instructions, converting thus cytosine into uracil. Array-based specific DNA methylation analysis was performed with the Infinium Human Methylation 450K bead chip technology (Illumina, San Diego, CA). Bisulfite-treated genomic DNA was whole-genome amplified, hybridized to HumanMethylation450 BeadChips (Illumina) and scanned using the Illumina iScanSQ platform. The intensity of the images was extracted with the GenomeStudio Methylation Software Module (ver. 1.9.0, Illumina). Ten CpG sites of the *SERPINE1* gene that codes for the PAI-1 protein were selected. CpG sites located in the transcriptional regulatory region (promoter, 5\'-untranslated region and exon 1) are reported (Fig. [1](#F1){ref-type="fig"}). Reference names and characteristics of the selected Cytosine-phosphate-guanine (CpG) are shown in Table [1](#T1){ref-type="table"}.

Statistical analyses
--------------------

Results are shown as mean ± SD. Variable distribution was determined by the Shapiro-Wilk test and no normal variables were logarithmically transformed. Statistical comparisons between groups were performed by the parametric Student *t* test. Pearson correlations were fitted to evaluate the potential correlations of *SERPINE1* transcriptional regulatory region methylation with adiposity indicators, metabolic features and dietary factors. *SERPINE1* CpG 10 site was selected for further statistical analyses, since in the preliminary assessment (Supplemental Table [1](#T1){ref-type="table"}) showed a potential association with several adiposity indicators. All participants were assigned into two groups according the median of DNA *SERPINE1* CpG 10 methylation (%): "lower DNA *SERPINE1* methylation" (≤7%) and "higher DNA *SERPINE1* methylation" (\>7%) for comparisons. Statistical analyses were performed with SPSS 15.0 software (SPSS Inc., Chicago, IL) for Windows XP (Microsoft, Redmond, WA). *P* value \<0.05 was considered as statistically significant.

Results
=======

Statistical between-diet differences were not found (*p*\>0.05) after the 8 weeks of dietary intervention, neither for anthropometric, nor for routine biochemical parameters (Table [2](#T2){ref-type="table"}). PAI-1 concentration levels were significantly decreased within the Control group (*p* = 0.008) whereas this marker did not show statistical variations within the RESMENA group (Fig. [2](#F2){ref-type="fig"}A). There were not between-group differences concerning *SERPINE1* methylation levels at baseline (*p* = 0.260, Fig. [2](#F2){ref-type="fig"}B). We did not find any interaction between the dietary group and *SERPINE1* methylation levels (Fig. [2](#F2){ref-type="fig"}C). Therefore, the sample was merged and considered as a whole for subsequent analyses. Interestingly, a preliminary analysis showed significant associations between baseline *SERPINE1* methylation levels and the changes in body weight (*r* = --0.360, *p* = 0.016), total fat mass (*r* = --0.354, *p* = 0.018) and android fat mass (*r* = --0.330, *p* = 0.029), which were not found for PAI-1 plasma concentrations. For further assessing the relationships between changes on anthropometrical variables, clinical and metabolic features, energy intake as well as pro-inflammatory markers concentrations and *SERPINE1* methylation, the sample was categorized according to median DNA methylation baseline levels of *SERPINE1* transcriptional regulatory region (Table [3](#T3){ref-type="table"}). Differences were found neither on BMI, nor on waist circumference due to methylation level. However body weight and body composition-related variables changes were statistically different according to *SERPINE1* transcriptional regulatory region methylation. In addition, total fat mass significantly correlated with DNA methylation levels of *SERPINE1* CpG 10 site (Fig. [2](#F2){ref-type="fig"}D).

Participants allocated in the higher DNA *SERPINE1* methylation group evidenced greater reductions on body weight, total fat mass and android fat mass (*p*\<0.05, Table [3](#T3){ref-type="table"}). Moreover, the same trend was found regarding other adiposity indicators such as triceps skinfold thickness (*p* = 0.065) or trunk fat mass (*p* = 0.077). Glucose metabolism parameters did not show significant differences concerning *SERPINE1* methylation levels, although a trend toward signification was found for insulin (*p* = 0.066), showing a greater reduction the higher DNA *SERPINE1* methylation group (Table [3](#T3){ref-type="table"}). Interestingly, lipid profile indicators, such as total cholesterol and triglycerides, were greatly reduced in those subjects with high DNA methylation levels of *SERPINE1* CpG 10 site (*p* = 0.048 and *p* = 0.011, respectively). There were no between-groups differences when assessing blood pressure, energy intake or the inflammatory markers plasma concentrations (Table [3](#T3){ref-type="table"}).

Discussion
==========

This investigation evidenced an interesting association of baseline methylation levels of *SERPINE1* gene transcriptional regulatory region, which codes for PAI-1, with adiposity measurements after 8 weeks of energy-restricted dietary treatment in obese subjects presenting MetS features. Indeed, PAI-1 is well recognized as a proinflammatory and cardiovascular risk marker. Therefore, our objective was to extend the knowledge on signaling pathway mechanisms and hence we explored *SERPINE1* methylation status. Interestingly, under the study conditions, *SERPINE1* methylation levels better correlated with changes in some anthropometric measurements such as body weight as well as total and android fat mass indicative of obesity and closely related to latter cardiovascular damage,^([@B16]--[@B18])^ which were not found for the PAI-1 values in plasma.

DNA methylation is an epigenetic event that may be involved in several human diseases by altering gene expression.^([@B19])^ Thus, it has been widely demonstrated to be a potential contributing factor to cancer risk,^([@B20])^ but some recent researches have shown that differential variability in methylation is also an important feature of obesity.^([@B21])^ In fact, specific DNA regions have been reported to be differentially methylated depending on weight loss response in obese adolescents.^([@B22])^ Moreover, some genes have been revealed to be hypermethylated in lean compared with obese subject.^([@B19],[@B23])^ Contrariwise, some studies reported no associations between BMI and global DNA methylation.^([@B24],[@B25])^ In any case, studies investigating the association between obesity and WBC DNA methylation are still limited.

Inflammation constitutes a mediating mechanism for obesity-linked comorbidities such as cardiovascular diseases, insulin resistance or type 2 diabetes.^([@B26])^ Thus, inflammation indicators are gaining much research attention. This investigation focused on PAI-1, since PAI-1 high plasma levels have been associated with inflammation and increased risk of cardiovascular diseases.^([@B3])^ Moreover, PAI-1 dependent mechanisms are implicated in the pathogenesis of obesity, insulin resistance and type 2 diabetes^([@B4])^ and it has actually been proposed as constituent of the MetS definition,^([@B6])^ which is the condition of the sample selected for this research. Other inflammatory markers were evaluated also reported as related to obesity.^([@B27]--[@B29])^ However, we failed to find significant differences neither after the intervention nor between diets. PAI-1 was the only parameter that significantly reduced within the Control group, whereas not within the RESMENA group. This finding is in agreement with other studies that reported beneficial effects on fasting values of inflammation markers of the American Heart Association pattern in which the Control diet was based.^([@B30],[@B31])^

The sample was categorized according to the median value of *SERPINE1* methylation levels noting that those participants allocated in the high-methylation group evidenced a greater reduction of body-weight, total and android fat mass, triglycerides and total cholesterol, which represents an encouraging result since all of them are associated with obesity and derived comorbidities.^([@B32],[@B33])^ To the best of our knowledge, this is the first study evaluating *SERPINE1*methylation level in relation to obesity in humans. However, the epigenetic control of this molecule has been previously studied, and CpG methylation in the 5\'-flanking region of the PAI-1 gene appears not to be involved in the developments of gastric cancer.^([@B34],[@B35])^ Recently, a genome-wide methylation analysis on adipose tissue of pig breeds displaying distinct fat level found intrinsic methylation differences of some inflammatory markers, such as *SERPINE1* gene, between various adipose depots depending on their localization.^([@B35])^

The findings of this research suggest a possible role for *SERPINE1* methylation as predictive of the effects of a dietary treatment for obesity, which is in accordance with previous studies investigating other inflammatory markers. In this sense, TNF-α is an inflammatory and immune response mediator cytokine^([@B36])^ and variability in this gene promoter methylation profile has been suggested to could predict the susceptibility to weight loss as well as to some comorbidities such as hypertension or type 2 diabetes.^([@B10],[@B37])^

To understand the mechanisms by which DNA methylation levels in the analyzed region could be related to anthropometric and metabolic features, we searched for consensus response elements using MatInspector^([@B38])^ in the entire*SERPINE1* region, since the binding of several transcription factors is extremely sensitive to methylation of specific CpG dinucleotides in regulatory regions.^([@B39])^ After the bioinformatics analysis, was identified that the CpG10 site matches a core-binding consensus motif for the E2F transcription factor 1. This transcriptional factor was described as a known transcriptional repressor of *SERPINE1*.^([@B40])^ The fact that E2F1 can bind to this region depending if CpG10 site is methylated or unmethylated indicates a functionality of the transcriptional regulation by methylation.

On the other hand, *SERPINE1*methylation levels were found to significantly correlate on a negative manner with the percentage of total fat mass measured by DXA at baseline. This negative association between the higher methylation percentage, which normally lead to lower mRNA levels,^([@B41])^ and the lower values of obesity indicators suggest that a lower inflammatory status may result on beneficial effects for the obesity condition.

This work has the limitation that we have not measured expression levels, although previous reports show that CpG methylation of the *SERPINE1* gene 5\'-flanking region is inversely correlated with *SERPINE1* mRNA levels in human cell lines.^([@B41])^ Also, the determination of *SERPINE1* methylation levels at the end of the intervention would be useful for giving support to the stated hypothesis. Moreover the outcomes would benefit of a higher sample size and a longer intervention period. The fact that different methods for assessing body composition, such as bioimpedance and DXA showed the same behavior concerning methylation is a strong point of this research.

In conclusion, this study reports for first time an association of methylation levels of *SERPINE1* gene transcriptional regulatory region with body weight, total and android fat mass, triglycerides and cholesterol reduction within a hypocaloric intervention, suggesting that methylation changes may contribute to understand obesity management. Moreover, *SERPINE1*regulatory region methylation could be a good predictive tool to the response to a nutritional energy-restricted intervention.
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###### Supplemental Table 1

![Genomic localization and nucleotide sequence of 10 CpGs sites covered by the Illumina probe for the study of DNA methylation levels of plasminogen activator inhibitor type 1 promoter (from −1408 to +113 bp). Transcription Start Site (TSS). CpG 10 has a putative consensus sequences for (E2F-1), found with MatInspector.](jcbn13-54f01){#F1}

![Changes in PAI-1 plasma concentrations in Control and RESMENA groups from baseline to the endpoint of the intervention and differences between them (A); comparison between Control and RESMENA groups levels of *SERPINE1* CpG 10 methylation (%) at baseline (B); comparison of PAI-1 plasma concentrations within Control and RESMENA groups according to *SERPINE1* CpG 10 baseline methylation level (%) (C) and correlation analysis between methylation in the *SERPINE1* CpG 10 and total fat mass by Dual-energy X-ray absorptiometry at baseline (D). PAI-1: plasminogen activator inhibitor 1.](jcbn13-54f02){#F2}

###### 

Information of the selected CpG sites for the *SERPINE1* gene

  CpG ID^1^   Illumina ID   CHR position^2^   Reference^3^
  ----------- ------------- ----------------- --------------
  1           cg20773815    7:100768974       c.−1396
  2           cg08053846    7:100769605       c.−765
  3           cg24539923    7:100769903       c.−467
  4           cg19722814    7:100769933       c.−437
  5           cg25826546    7:100770060       c.−310
  6           cg20438404    7:100770192       c.−178
  7           cg08506775    7:100770286       c.−84
  8           cg02273392    7:100770414       c.+45
  9           cg15874872    7:100770434       c.+65
  10          cg20583316    7:100770476       c.+107

^1^Studied CpG identifier. ^2^Genome assembly: GRCh37, Ensemble release 71. ^3^It begins in the first nucleotide of exon 1.

###### 

Changes in selected anthropometric and biochemical variables. Comparison between dietary treatments at the end of the intervention

  Characteristics                    Control (*n* = 19)   RESMENA (*n* = 27)   *p* value difference                                               
  ---------------------------------- -------------------- -------------------- ---------------------- ---------------- ---------------- --------- -------
  Energy intake (kcal)               2198 ± 428           1450 ± 347           \<0.001                2158 ± 522       1323 ± 305       \<0.001   0.601
  Body weight (kg)                   105.01 ± 17.44       98.04 ± 16.92        \<0.001                101.32 ± 18.18   94.53 ± 17.84    \<0.001   0.827
  BMI (kg/m^2^)                      36.60 ± 3.70         34.17 ± 3.71         \<0.001                36.19 ± 3.68     33.76 ± 3.91     \<0.001   1,000
  Waist circumference (cm)           114.25 ± 10.20       107.82 ± 11.49       \<0.001                111.20 ± 13.48   104.35 ± 13.03   \<0.001   0.728
  Triceps skinfold (mm)              28.00 ± 10.00        24.60 ± 9.40         0.006                  31.60 ± 8.00     28.60 ± 7.60     0.001     0.764
  Bioimpedance Total Fat mass (%)    37.83 ± 8.11         34.54 ± 7.55         \<0.001                40.33 ± 5.93     37.58 ± 7.24     \<0.001   0.558
  Bioimpedance Total Fat mass (kg)   39.62 ± 10.34        33.71 ± 8.56         \<0.001                40.81 ± 9.39     35.58 ± 9.80     \<0.001   0.547
  DXA Total Fat mass (%)             40.88 ± 6.17         38.92 ± 6.83         0.001                  44.12 ± 5.75     41.85 ± 6.59     \<0.001   0.617
  DXA Trunk Fat mass (%)             47.68 ± 5.57         45.26 ± 6.93         0.014                  49.97 ± 5.13     46.83 ± 6.48     \<0.001   0.422
  DXA Android Fat mass (%)           53.71 ± 6.44         51.05 ± 7.65         0.035                  56.78 ± 5.53     53.00 ± 7.26     \<0.001   0.357
  DXA Total Fat mass (kg)            42.65 ± 7.79         37.91 ± 8.48         \<0.001                44.36 ± 9.23     39.22 ± 9.56     \<0.001   0.604
  Glucose (mg/dl)\*                  120.22 ± 24.61       107.99 ± 14.50       0.003                  123.00 ± 39.09   104.05 ± 18.90   0.022     0.505
  Insulin (µU/ml)\*                  17.71 ± 10.08        10.95 ± 8.71         \<0.001                14.51 ± 9.17     9.53 ± 6.65      \<0.001   0.345
  HOMA-IR\*                          5.34 ± 3.48          3.10 ± 2.95          \<0.001                4.56 ± 3.37      2.60 ± 2.08      0.001     0.696
  Total cholesterol (mg/dl)          217 ± 50             200 ± 43             0.042                  220 ± 53         204 ± 48         0.043     0.919
  HDL-c (mg/dl)                      43 ± 10              39 ± 7               0.017                  44 ± 12          41 ± 10          0.041     0.458
  Triglycerides (mg/dl)              205 ± 103            150 ± 58             0.009                  193 ± 123        143 ± 86         0.003     0.821
  SBP (mmHg)                         150 ± 14             139 ± 15             0.007                  149 ± 20         136 ± 17         0.003     0.782
  DBP (mmHg)                         85 ± 9               80 ± 10              0.044                  86 ± 8           78 ± 10          \<0.001   0.504
  CRP (mg/l)                         4.53 ± 7.31          2.63 ± 2.62          0.298                  5.53 ± 9.99      4.51 ± 6.76      0.185     0.224
  IL-6 (pg/ml)                       2.48 ± 0.99          2.38 ± 1.19          0.536                  2.74 ± 1.99      2.96 ± 1.73      0.419     0.740
  TNF-α (pg/ml)                      1.11 ± 1.86          0.96 ± 1.72          0.127                  0.99 ± 0.94      0.94 ± 1.04      0.511     0.291

Data are mean ± SD. *p* values from Student *t* test. \*Log transformed variables. BMI, body mass index; DXA, dual-energy x-ray absoptiometry; HOMA-IR, homeostasis model assessment-insulin resistance; HDL-c, high density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; CRP, c-reactive protein; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.

###### 

Changes in selected characteristics of the participants, categorized by median of DNA *SERPINE1* CpG 10 methylation (≤ or \>7%) at baseline

  Characteristics                    Lower DNA *SERPINE1* methylation % (*n* = 23)   Higher DNA *SERPINE1* methylation % (*n* = 23)   *p* value
  ---------------------------------- ----------------------------------------------- ------------------------------------------------ -----------
  Energy intake (kcal)               --717 ± 107                                     --882 ± 121                                      0.311
  Body weight (kg)                   --5.90 ± 2.53                                   --7.82 ± 2.68                                    0.016
  BMI (kg/m^2^)                      --2.22 ± 0.20                                   --2.64 ± 0.20                                    0.143
  Waist circumference (cm)           --6.07 ± 0.69                                   --7.28 ± 0.95                                    0.308
  Triceps skinfold (mm)              --2.01 ± 0.79                                   --4.53 ± 1.08                                    0.065
  Bioimpedance Total Fat mass (%)    --1.84 ± 0.48                                   --4.11 ± 0.68                                    0.009
  Bioimpedance Total Fat mass (kg)   --3.96 ± 0.46                                   --7.06 ± 0.89                                    0.003
  DXA Total Fat mass (%)             --1.84 ± 0.42                                   --2.45 ± 0.42                                    0.309
  DXA Trunk Fat mass (%)             --2.07 ± 0.68                                   --3.62 ± 0.52                                    0.077
  DXA Android Fat mass (%)           --1.96 ± 0.81                                   --4.68 ± 0.79                                    0.021
  DXA Total Fat mass (kg)            --4.28 ± 0.51                                   --5.68 ± 0.51                                    0.060
  Glucose (mg/dl) \*                 --1.31 ± 0.54                                   --1.03 ± 0.54                                    0.120
  Insulin (µU/ml) \*                 --0.53 ± 0.50                                   --0.79 ± 0.33                                    0.066
  HOMA-IR\*                          --0.19 ± 0.45                                   --0.19 ± 0.48                                    0.951
  Total cholesterol (mg/dl) \*       --1.2 ± 0.6                                     --1.4 ± 0.4                                      0.048
  HDL-c (mg/dl)                      --3.6 ± 6.1                                     --2.8 ± 6.8                                      0.688
  Triglycerides (mg/dl)\*            --1.4 ± 0.5                                     --1.8 ± 0.5                                      0.011
  SBP (mmHg)                         --11 ± 4                                        --15 ± 4                                         0.515
  DBP (mmHg)                         --5 ± 2                                         --8 ± 2                                          0.218
  CRP (mg/l)\*                       --0.10 ± 0.78                                   --0.20 ± 0.71                                    0.746
  PAI-1 (ng/ml)                      --38.72 ± 23.24                                 --49.77 ± 15.48                                  0.692
  IL-6 (pg/ml)\*                     0.43 ± 0.53                                     0.28 ± 0.62                                      0.550
  TNF-α (pg/ml)                      --0.01 ± 0.08                                   --0.14 ± 0.08                                    0.245

Data are mean ± SD. *p* values from Student *t* test. \*Log transformed variables. BMI, body mass index; DXA, dual-energy x-ray absoptiometry; HOMA-IR, homeostasis model assessment-insulin resistance; HDL-c, high density lipoprotein cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; CRP, c-reactive protein; PAI-1, plasminogen activator inhibitor-1; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
